The DNA of simian virus 40 
The derivation of nucleotide sequences for DNA oncogenic viruses would be of interest for many reasons, related both to the general properties of the transcription process and mRNA in animal cells and to the specific information that might be obtained about the ordering, spacing, and structure of genes for proteins directed by these viruses.
Direct analysis of DNA nucleotide sequences has been difficult because of a lack of basespecific DNases. However, this may be partly overcome by transcribing the DNA into radioactive RNA and analyzing the transcript. The methods for RNA sequence analysis have now advanced to the point where it is possible to derive extensive sequences from RNA of the length of single genes. The small DNA virus, simian virus 40 (SV40) is a favorable subject for sequence analysis because its biological properties have been thoroughly studied, and its DNA is transcribed asymmetrically and extensively in vitro by purified preparations of Escherichia coli RNA nucleotidyl transferase (E.C.2.7.7.6) (13, 32) . The availability of nondefective adenovirus-SV40 hybrid agents containing various portions of the SV40 genome (18, 19) has made it possible to isolate, by nucleic acid hybridization techniques, segments of RNA corresponding to various lengths of SV40 DNA. Our studies have utilized the Ad2+ND3 and Ad2+ND, hybrids. The former contains approximately 2 to 5% and the latter 10 to 18% of the total SV40 genome (10, 17; T. J. Kelly, Jr., and A. M. Lewis, Jr., manuscript in preparation). This SV40 DNA is covalently inserted as a single continuous segment near one end of the adenovirus DNA (T. J. Kelly, Jr. and A. M. Lewis, Jr., manuscript in preparation). Whereas cells infected with Ad2+ND3 do not express detectable SV40-specific antigens, cells infected with Ad2+ND1 express the early SV40 U antigen (20) . By transcribing SV40 DNA into complementary RNA and annealing this RNA to the DNA of Ad2+ND, hybrid virus The cell suspensions were frozen and thawed three times, brought to a final concentration of 1.0% sodium deoxycholate and 0.1% trypsin, incubated at 37 C for 30 min, and centrifuged onto a cushion of cesium chloride solution (density 1.40 g/ml) in an SW25.1 rotor at 55,000 x g for 90 min at 4 C. The virus band at the interface was collected and twice banded in CsCl (density 1.34 g/ml) using an SW39 rotor at 100,000 x g for 24 h. After 5 to 6 h of dialysis against buffer, the virions were stored at -70 C.
Extraction of the virus DNA has been described elsewhere (10) . Samples of Ad2+ND, DNA so prepared were found to contain intact strands of DNA by sedimentation through both neutral and alkaline sucrose gradients. SV40 derived from strain 777 was passed in Vero cells at a multiplicity of infection of less than 2 PFU/cell. DNA was extracted from infected cells by the Hirt procedure (12) . Super-coiled viral DNA was then isolated by centrifugation in a cesium chloide density gradient containing ethidium bromide. The ethidium was removed by isoamyl alcohol extraction, followed by exhaustive dialysis against sterile 0.1 x SSC (SSC: 0.15 M sodium chloride, 0.015 M sodium citrate, pH 6.7). The preparation of E. coli RNA polymerase, general procedure for RNA synthesis, separation of RNA from triphosphates, nuclease digestion, and oligonucleotide mapping have been described elsewhere (15) . [a-32PInucleoside triphosphates with specific activities in excess of 70 Ci/mmol were prepared as described previously (15) Nucleic acid hybridization was performed by the method described by Gillespie and Spiegelman (8) . The DNA to which the transcript RNA was to be annealed was taken up in 2 ml of 0.01 x SSC, heat denatured at 97 C for 5 min, and rapidly chilled. The filters were presoaked in 6 x SSC for 30 min, mounted on the membrane filtration assembly (Millipore Corp.), and washed slowly with 10 ml of 6 x SSC. Three milliliters of 10 x SSC was added to the heat-denatured DNA, and the solution was filtered slowly. The filters were washed slowly with 10 ml of 6 x SSC and rapidly with 100 ml of 6 x SSC. They were then transferred to preheated scintillation vials, dried overnight at room temperature, and baked for 3 h at 80 C in a vacuum oven. Each filter was then incubated in a closed scintillation vial with RNA dissolved in 0.75 ml of 2 x SSC, 0.1% SDS. This solution contained, typically, 0.05 to 10 MCi of radioactive RNA and 100 wg of nonradioactive carrier E. coli tRNA. At the end of an 8-h incubation period, the filter was removed, rinsed with 10 ml of 2 x SSC on each side, and washed with 100 ml of 2 x SSC. The filter was incubated at room temperature for 40 pancreatic RNase per ml (I-A, E-C 2.7.7.6) or 1 to 1.5 IU of Ti RNase per ml (E.C. 3.1.4.8) if the retained RNA was to be analyzed by further pancreatic or TI RNase digestion, respectively. The filter was rinsed and washed again with 100 ml of 2 x SSC. It was then incubated in 2 ml of a solution of 0.15 M sodium iodoacetate, 0.1 M sodium acetate in 2 x SSC, pH 5.1, at 54 C for 40 min. At the end of the incubation period, the filter was rinsed with 10 ml of 2 x SSC and washed as mentioned above. To elute the RNA from the bound DNA, the filter was boiled in 1.5 ml of 0.01
x SSC containing 100 ,ug of carrier E. coli tRNA for 15 min and the solution was rapidly chilled. The radioactive RNA was then precipated by the addition of 0.1 vol of 20% potassium acetate, pH 5.1, and 2 vol of ethanol. In general, the radioactive RNA from extensive syntheses annealed to and eluted from Ad2+ND, DNA had a sedimentation coefficient of between 5 and 8S in neutral sucrose gradients (5 to 20% linear sucrose gradients in a buffer containing 0.1 M LiCl2, 0.01 M Tris [pH 7.9], 1 mM EDTA, 0.5% SDS, centrifuged for 3 h at 50,000 rpm in the Spinco SW50.1 rotor at 20 C).
RESULTS
RNA was synthesized by incubation of precursors and enzyme with SV40 DNA for 30 min at 37 C. This resulted in incorporation of about 20 to 30% of the radioactive precursor into polynucleotide. The radioactive SV40 complementary RNA was then annealed to Ad2+ND, DNA, after which the bound RNA was treated with RNase and eluted. After precipitation with ethanol, the RNA was digested with Tl or pancreatic RNase and mapped by two-dimensional electrophoresis and chromatography (3, 4) (Fig. 1) . The resulting maps showed a discrete and highly reproducible set of oligonucleotides. The same products were obtained even when eightfold greater levels of RNase were used to treat the DNA filters prior to elution of the RNA. Omission of RNase treatment gave maps with a much higher background. Detailed sequence analysis has been performed on all these products and will be reported elsewhere. Clean oligonucleotide maps were also obtained when the RNA was annealed to Ad2+ND3 DNA rather than Ad2+ND, DNA (Fig. 2) Ad2+ND, (Fig. 3) or Ad2+ND, DNA (Fig. 4) , eluted, and analyzed by Tl or pancreatic RNase digestion. Maps of RNase digests of the RNA from these two sources were similar and showed a limited number of prominent oligonucleotides (Fig. 3) . Entirely similar results were obtained whether or not rifamycin (27) was added at the time transcription was initiated with MgCl2. showed that all the principal products obtained in the brief syntheses were derived from a segment of the DNA common to both Ad2+ND, and Ad2+ND3. In addition to the results summarized in Table 1 , the proposed sequences are based on results of digestion of the RNA with U2 RNase and spleen acid ribonuclease. The results of the complete sequence analysis of this segment of SV40 will be presented elsewhere. In control experiments, the oligonucleotides present in largest amounts in limited syntheses were the same when the RNA was purified by hybridization to whole SV40 rather than by hybridization to Ad2+NDI or Ad2+ND, (Fig. 4) . Even when the RNA was digested and mapped without prior hybridization, this same set of oligonucleotides constituted the most prominent products (Fig. 5) (Fig. 7c) aEach RNA sample was digested with T, RNase. The resulting oligonucleotides were separated by electrophoresis on Celogel at pH 3.5 and homochromatography on thin-layer chromatography plates as described in Materials and Methods. Individual products were located by autoradiography, eluted, and digested with pancreatic RNase. These digestion products were fractionated on DEAE paper by electrophoresis at pH 3.5. The pancreatic RNase digestion products were identified by their electrophoretic mobility. They are all consistent with the sequences proposed in the last column of this Ad2+ND , DNA prior to analysis, most oligonucleotides present in low yield in maps of unannealed RNA were lost and the prominence of the limited number of oligonucleotides found in the SV40 segments of the hybrid viruses was enhanced. Recent results indicate that the oligonucleotides found in the pulse-labeled RNA are also identical to products found in the transcript of the "G" fragment of SV40 DNA produced by cleavage with Haemophilus influenza restriction endonuclease (Dhar, Zain, Lebowitz, Weissman, Danna, Nathans, unpublished results). It is a curious fact that this is also the region of the SV40 genome in which DNA replication terminates (7).
Although our experiments establish a preferred site for initiation of transcription, it remains possible that under other conditions, additional sites might be detected. Delius Specificity has also been found in strand selection, site of initiation (5, 9, 30) and even termination (14, 15, 21, 22, 23, 26, 27) in the transcription of several bacteriophage DNAs with purified E. coli RNA polymerase. For example, the enzyme preferentially transcribes one of the two strands of phage fd replicative form DNA and the transcripts contain relatively discrete RNA products with specific 5' terminal sequences (31) . In addition, transcription of Xb2b5 DNA gives RNA species with unique initiation and termination points, complementary to only limited portions of the DNA coding for early functions of the phage (6, 22) and in one instance there is evidence that the starting sequences of the in vitro and in vivo transcripts of lambda are the same (1) .
Detailed sequence analysis of the initiation site for E. coli RNA polymerase in the SV40 segment in Ad2+ND1 may provide new information about the way in which initiation of transcription is signaled in DNA sequences and the extent to which this signal is universal among cells. Experiments are in progress to establish the direction of transcription of SV40 DNA and to correlate the location of the in vitro transcription initiation site reported here with the sites of initiation of early and late gene transcription in vivo and with the site of termination of SV40 DNA replication.
Oxman et al. (24) have suggested that SV40 genes may be transcribed into RNA covalently linked to adenovirus messages in cells infected with an adenovirus-SV40 hybrid virus. Control of SV40 transcription by an adenovirus promotor would also be consistent with the delayed appearance of peak U antigen levels in cells infected with Ad2+ND, (20) . Even if the E. coli RNA polymerase start signal of the SV40 segment of Ad2+ND, did represent an in vivo promoter, it is still possible that additional transcription could be controlled by an "upstream" adenovirus promoter.
